Marigold petals, the current commercial source for lutein and zeaxanthin are harvested through a labor-intensive operation with downstream purification requiring multiple processing steps involving various harsh solvents. Lutein and zeaxanthin are in-demand carotenoids due to their significant role in human eye health. A possible alternative source for lutein and zeaxanthin, distillers dried grain with solubles (DDGS), shows promise and contains a yet-to-be quantified amount of the desired carotenoids. The US corn industry produces an abundant, and in some cases excess, annual supply of DDGS. The large volume of DDGS produced could serve as a significant source for lutein and zeaxanthin recovery and provides an additional market stream for the growing carotenoid industry. This paper demonstrates one of the first quantitative reports regarding the concentration of lutein and zeaxanthin in DDGS. Using Soxhlet extraction, followed by purification with centrifugal partition chromatography, it was determined that 36.09 ± 16.87 µg lutein and 15.48 ± 6.13 µg zeaxanthin could be purified from all extractives retained in the oleoresin per gram of DDGS. As compared to lutein and zeaxanthin present in corn, this is a three to fivefold increase indicating that these compounds become concentrated during the dry grind process. Recovery of lutein and zeaxanthin from DDGS, a low-value stream by-product of corn ethanol industry, results in a new revenue stream and would add value to a common US commodity.
Background
Lutein and zeaxanthin are xanthophyll plant carotenoids that have a demonstrated positive role in human eye health. Primates are unable to synthesize lutein and zeaxanthin, and therefore must rely on dietary sources for absorption (Malinow et al. 1980; Johnson et al. 2005) . Lutein and zeaxanthin are present throughout body tissue and are the only carotenoids found in macular region of retina (John et al. 2002) . Along with astaxanthin and beta-carotene, lutein and zeaxanthin have demonstrated a beneficial role in eye health (Fullmer and Shao 2001; Koushan et al. 2013) . There is increasing evidence to support the important role lutein and zeaxanthin play in preventing and/or ameliorating chronic disease, including certain cancers, age-related degenerative disease, and some cardiovascular disease (Bone et al. 1985) .
The U.S. market for lutein is on the rise. Lutein, sold as a feed additive in the form of a food colorant, is a nearly $150 million/year (Delgado-Vargas and Paredes-López 2002) industry. The global market for lutein was estimated to be worth $233 million in 2010 and is expected to grow by 3.6% annually (BCC Research 2011). Currently, commercially available lutein products are extracted from the petals of the marigold flower, Tagetes erecta (Delgado-Vargas and Paredes-López 1996) . When extracted from T. erecta, lutein and zeaxanthin are both in a diester form, but can be saponified and then concentrated and recrystallized into an onerous crystalline form (Khachik 2001; Fernández-Sevilla et al. 2010 ). In addition, recovery of lutein and zeaxanthin from marigold is labor intensive since the petals must be separated from the flower and the content within the petals is variable and can be as low as 0.17 mg/g (Piccaglia et al. 1998; Fernán-dez-Sevilla et al. 2010) . The additional processing steps required for lutein and zeaxanthin extracted from marigold to be viable in a dietary supplement raises questions regarding using marigold as the sole lutein source. Thus, there is a pressing need to identify a new, stable, and consequential supply for lutein and zeaxanthin, along with a more proficient extraction method.
Lutein is found in a variety of food sources, generally those that are yellow or orange in nature, but exist in the highest abundance in dark green leafy vegetables such spinach or kale (Sommerburg et al. 1998) . Zeaxanthin is present in limited dietary sources, including corn, papaya, orange, nectarine, and other yellow-orange fruits (Mozaffarieh et al. 2003) . When looking specifically at corn as a source for lutein and zeaxanthin, it has been reported that maize contains an average of 5.95 µg lutein and 2.16 µg zeaxanthin per g dry weight (Kurilich and Juvik 1999) . Additional reports determined that together, lutein and zeaxanthin account for 70% of the total carotenoids found in corn milled fractions (Kean et al. 2011) . Studies have also quantified the total carotenoid content in corn (Li et al. 2007; Chauveau-Duriot et al. 2010 ) to be as high as 30 mg/kg, of which lutein and zeaxanthin dominate. Distillers dried grains with solubles (DDGS), the solids fraction remaining after the dry-grind process during corn ethanol production, has been reported to contain a threefold increase of xanthophylls compared to corn entering the process (Bregendahl 2008) . Evidence demonstrates that since corn contains a noticeable quantity of lutein and zeaxanthin, then DDGS and its corresponding oleoresin-a condensed extract containing ethanol soluble compounds-must also contain a noticeable quantity of lutein and zeaxanthin. While the existence of an extractable amount of lutein and zeaxanthin in DDGS is promising, information on direct quantification of these two compounds is limited. Evidence from an animal feed study-when DDGS was increased from 0 to 50% blending ratio in feed, the average lutein concentration measured in the egg yolk increased from 6 to 17 mg/g (Sun et al. 2013 )-indicates that the quantity of lutein and zeaxanthin in DDGS is notable.
The utility of DDGS as a source of extractable lutein and zeaxanthin was studied. The goal was to determine if DDGS is a viable option to meet the need of a growing global carotenoid market while adding a revenue stream to corn ethanol industry. Any additional technology to recover lutein and zeaxanthin from DDGS must preserve and augment the current animal feed market stream to be successfully implemented. The specific objectives to meet this goal were: (1) to determine the mass of concentrated lutein and zeaxanthin remaining in the oleoresin after Soxhlet extraction of DDGS and (2) to purify lutein and zeaxanthin from extractives using centrifugal partition chromatography (CPC). This study confirms the quantity of lutein and zeaxanthin remaining the DDGS and demonstrates a method to quickly produce a pure fraction of lutein and zeaxanthin from crude extract. 
Methods

Materials
Compound solubility tests
It was necessary to determine solvents in which lutein and zeaxanthin were highly soluble for both Soxhlet extraction and CPC purification. Five solvents (methanol, ethyl acetate, ethanol, acetonitrile, and water), commonly used within solvent systems aimed to purify polar compounds, were tested. To determine solubility of lutein and zeaxanthin within each solvent, 10 mg of Kemin sample was added to 20 mL of solvent and was vigorously mixed. The solution was then allowed to settle and equilibrate 1 h. A 1 mL aliquot of each solution was extracted and the solvent was allowed to evaporate fully under nitrogen. Lutein and zeaxanthin, and other components in the sample, were not volatile and remained in the test tube after evaporation. HPLC mobile phase (1 mL) was then added to the evaporated sample and analyzed via HPLC. The sample was not directly injected onto the HPLC column in the extraction solvent because the extraction solvent would have interfered with the HPLC analysis. Solubility was performed in this way due to the relative complexity of the sample. The sample provided by Kemin contained compounds beyond lutein and zeaxanthin including visible particles that were insoluble in the extraction solution. In addition, the sample was not filtered during the solubility test to ensure that all possible lutein and zeaxanthin was available for testing and not lost to a membrane. Samples were filtered with a 0.45 µm syringe filter (CR25 mm PTFE membrane filter, PALL) prior to injection to the HPLC column. The concentration of lutein and zeaxanthin was calculated and it was determined that ethyl acetate and ethanol were the solvents in which the compounds were most soluble (Table 1) . This is not a report of absolute solubility, but rather relative solubility for the sake of comparison and extraction solvent choice. The yield is included in Table 1 to demonstrate both that lutein and zeaxanthin content in the Kemin sample was relatively low and to be able to compare solubility. Due to the favorable solubility of both lutein and zeaxanthin, ethanol was the chosen solvent for Soxhlet extraction.
Extraction and sample preparation
DDGS, supplied by The Andersons (Clymers Plant, Logansville, IN), was reduced using coffee grinder and sieved manually to 20, 40, or 60 mesh. A single thickness cellulose thimble (GE Whatman, 25 × 90 mm) held the DDGS sample during Soxhlet extraction. The experimental conditions for Soxhlet extraction were modified from the NREL Laboratory Analytical Procedure (LAP) for determination of Extractives in Biomass (NREL/ TP-510-42619) (Sluiter et al. 2008) , in which chlorophyll, waxes, or other minor components dissolved in organic solvent through ethanol extraction could be analyzed. The extraction was adjusted to attain 6-10 siphon cycles per hour throughout the process to allow for sufficient sample and solvent interaction. Raw DDGS samples, 9 ± 0.5 g, were size-reduced to 20, 40, and 60 mesh to meet the minimum size requirement suggested by the NREL protocol (Sluiter et al. 2008) . Ethanol was refluxed through the Soxhlet with 8 ± 1 reflux cycles per hour for 4 h to solubilize the lutein and zeaxanthin from the DDGS. The oleoresin and ethanol were recovered in a round-bottom flask. The ethanol was then evaporated from the oleoresin using a rotary evaporator (Glas-Col 009A EV2012S, Vol: 120 vac, 60 Hz, Amps 2). Oleoresin was further analyzed by HPLC and CPC. The oleoresin adhered flask wall during evaporation and required an additional 10 mL of solvent-either HPLC or CPC mobile phase-plus 5 min in an ultrasonic bath to release into the solution. The mixture of oleoresin and CPC solvent was filtered using a 0.45 µm syringe filter (CR25 mm PTFE membrane filter, PALL) before further analysis by either HPLC or purification via CPC.
DDGS characterization
A compositional analysis was performed on raw DDGS and post-extraction samples to examine how the extraction process alters the sample. The wet cake post-extraction was dried in a 45 °C oven overnight. 
Analytical methods
HPLC analysis
A C30150 × 2.0 mm I.D. s-3 µm polymeric column (YMC Co. LTD), with a guard column containing the same stationary phase, was used for HPLC (Waters 1525 Binary HPLC pump, waters 717 Plus Autosampler, Waters 2498 UV/Visible Light detector) analysis. The mobile phase consisted of solvent A at methanol/ammonium acetate (98:2, v/v) and solvent B at 100% ethyl acetate. The flow rate of mobile phase was 0.37 mL/min set at the following linear gradient: %B: 0-80% (0-10 min), 80-100% (10-12 min), hold at 100% (12-14 min), 100% to 0 (14-24 min). The UV detector was set to 450 nm for both lutein and zeaxanthin.
Centrifugal partition chromatography
Purification of lutein and zeaxanthin was carried out in a preparative centrifugal partition chromatography column (Model SPOT SCPC-250, ARMEN Instruments, SaintAvé, France). The two-phase solvent system consisted of -heptane:ethanol:water (5:3:1, v/v/v) . The column was operated in ascending mode at 1800 RPM. The filtered sample mixture solution (10 mL) was injected after the system has been equilibrated. The mobile phase flow rate was set to 3.5 mL/min flow rate for 120 min. The effluent from the outlet of the CPC column was continuously detected by UV (Visacon's VUV-24) at 450 nm and collected in glass culture tubes with a fraction collector (Foxy R1, Teledyne Isco) set to collect one tube per minute.
Results and discussion
Extraction and quantification Extraction conditions
A Soxhlet extraction experiment was devised to determine the most suitable conditions to recover lutein and zeaxanthin from DDGS. Samples of extract solution were removed from the round-bottom flask in 2 mL aliquots at various times depending on the experiment. Initial study focused on the particle size for optimal lutein and zeaxanthin recovery; samples were taken every 2 h for up to 12 h. Samples were dried and analyzed for lutein and zeaxanthin content on HPLC. The results of the initial particle size study (Fig. 1) indicate that of the sizes tested, a 60-mesh particle size allows for the most suitable recovery in terms of mass of lutein and zeaxanthin to be extracted from the DDGS. A subsequent study to determine favorable extraction time used the 60-mesh ground DDGS. As the objective was to determine the quantity of lutein and zeaxanthin in DDGS, solvent loss during sampling had to be considered. The extraction was performed over the course of 12 h and the ethanol extraction solvent was replaced every 4 h with fresh ethanol. Table 2 shows that most all of the extraction, 100% of lutein and 96.41% of zeaxanthin, occurs during the first 4 h. The initial extraction experiments determined that a small particle size and short extraction time was most suitable for lutein and zeaxanthin recovery.
Quantification of lutein and zeaxanthin in DDGS
Analysis of the Soxhlet extracts allowed for initial quantification lutein and zeaxanthin present in DDGS oleoresin. It was determined that, at the most favorable Soxhlet extraction conditions, the DDGS oleoresin contained 0.0429 ± 0.0121 mg lutein/g dry DDGS and 0.0176 ± 0.0041 mg zeaxanthin/g dry DDGS. Fig. 1 Soxhlet extraction of DDGS with particle size ranging from 20 to 60 mesh. Both lutein and zeaxanthin were optimally extracted at the smallest particle size. Therefore, 60 mesh was chosen for subsequent experiments When comparing to the current source of lutein and zeaxanthin, Tagetes erecta petals, the values determined from Soxhlet extraction were an order of magnitude lower. The concentration of lutein in of marigold petal oleoresin varies from 5 to 50% (Hadden et al. 1999 ) but also differs among its subspecies (Lin et al. 2015) . Lutein or lutein ester in marigold yellow flower is 21.22 ± 0.54 mg/dry mass (Bhattacharyya et al. 2010 ). However, the quantity found in commercial marigold flower is much lower, 1.75 ± 0.06 mg/g dry mass (Sivel et al. 2014) . Reports have indicated that microalgae may also serve as a potential source for lutein; microalgae contains anywhere from 4 to 6 mg (Blanco et al. 2007 ), 10.4 mg (Cerón et al. 2008) , or 1.75-1.95 mg (Wei et al. 2008 ) of lutein per gram of dry matter. In species of maize, the content also has been reported to range from 0.87 µg of lutein and 6.43 µg of zeaxanthin per gram dry mass of maize (Panfili et al. 2004) , to 6.44 µg lutein and 4.42 µg zeaxanthin per gram dry mass of maize (Kean et al. 2011) . While the quantity of lutein and zeaxanthin is inherently lower in maize than in the marigold flower or even microalgae, the concentrated oleoresin from DDGS may justify the conversion of a portion of this marginally valuable resource into a high-value by-product. The major benefit to recovery of lutein and zeaxanthin from DDGS is that no additional harvesting is required as DDGS is already presently used in an industrial process. A portion DDGS could be funneled to a lutein and zeaxanthin extraction step and would require minimal processing steps required for recovery. Table 3 summarizes lutein and zeaxanthin content in marigold and maize and is included as a comparison for the presence of these compounds in DDGS. The concentration of lutein and zeaxanthin in the DDGS is three to five times greater than in corn indicating that the processing required to produce DDGS acts to concentrate the lutein and zeaxanthin.
Compositional analysis
A compositional analysis was performed to determine how the extraction process may affect the quality of the DDGS. A summary of the average composition (dry basis) of DDGS pre-and post extraction is shown in Table 4 . A pooled t test was performed using JMP 13 (SAS Institute, Cary, NC) to compare variation within each component of pre-and post-extraction samples and to substantiate the effect of extraction on feed quality. For the pre-extraction DDGS, the acid detergent fiber (ADF), which refers to the cell wall portions of the forage that are mainly made up of cellulose (10.6%) and lignin (4.3%) accounts for 16.1% of the dry mass. The neutral detergent fiber (NDF), which is the total cell wall, comprised the ADF fraction plus hemicellulose (19.1%) accounts for 37.3% of the total mass. The remaining dry matter was starch (3.88%), crude fat (10.39%), and ash (3.64%).
The post-extraction sample results are also shown in Table 4 . The values for the pooled t test are reported in Table 4 . If Prob > |t| is greater than 0.05 than there is no significant difference in pre-and post-extraction results. Overall, the hemicellulose, ADF, total starch, and crude fiber are not significantly impacted by the extraction process. As expected, crude fat is significantly extracted by the ethanol as evidenced by the oleoresin that is visible post-extraction. The compositional analysis indicates that extraction process does not negatively impact the digestibility of the DDGS with regards to ADF. Digestibility is often reported in terms of ADF as there is an inverse relationship in ADF content-as ADF increases, digestibility decreases-our process indicates no significant change in ADF (Kim et al. 2008) .
CPC purification Solvent system selection
The second objective of this study was to use CPC to purify the lutein and zeaxanthin from the other compounds extracted during Soxhlet. It was not necessary to purify lutein and zeaxanthin, individually since they are often administered together (Mares-Perlman et al. 2002) , but it is compelling to provide a clean source of lutein and zeaxanthin after a single purification step. CPC is a useful technique for natural products purification (Marston and Hostettmann 2006; Friesen and Pauli 2008) . Solvent system selection is crucial for a quality CPC purification. Previous studies using a countercurrent chromatographic technique were the baseline for selecting a suitable solvent system. Table 5 summarizes solvent systems used in previous studies to purify lutein and zeaxanthin recovered from various plant sources. To identify the 'best solvent' and measure the partition coefficient, K D , of selected solvent system, five solvents (heptane, water, acetonitrile, ethanol, ethyl acetate, and methanol) commonly used in making solvent system for separating polar compounds were tested through shake-flask experiment using the Kemin carotenoid sample. K D is the concentration of the solute in the upper phase divided by the concentration of the solute in the lower phase. Lutein and zeaxanthin are both soluble in ethanol followed by ethyl acetate as shown in Table 1 . Solvent systems consisting of n-heptane, ethanol, ethyl acetate, and water at various volumetric ratios were used to calculate K D to determine which would be most suitable for CPC fractionation. (Engelberth et al. 2010) . The settling time is the time required for two phases to appear after gentle agitation (Ito 2005) . The Kemin sample was tested in seven n-heptane/ethanol/water solvent systems of varying volumetric ratios. partition coefficient criteria. The 5:3:1 (n-heptane/ethanol/water) was chosen to for CPC purification as it had a short settling time, a high separation factor, and had a greater polarity range.
CPC fractionation development
Trial CPC fractionation and method development was conducted using the Kemin carotenoid sample with the n-heptane/ethanol/water (5:3:1, v/v/v) solvent system. For CPC fractionation, 1 g of Kemin carotenoid sample was dissolved into 8 mL of the n-heptane/ethanol/water (5:3:1, v/v/v) (4 mL of upper phase and 4 mL of lower phase). The sample was then filtered using a 0.2 µm Pall Nylon Acrodisc filter to remove any undissolved solids. As stated in the materials section, the sample from Kemin contained a variety of compounds and it was only disclosed that the sample was concentrated with lutein and zeaxanthin. The rotational speed and solvent flow rate were adjusted to 1800 RPM and 3.5 mL/min, respectively. Fractionation of the oleoresin on CPC used methods developed for the Kemin sample. DDGS oleoresin (3.67 g) was dissolved in 10 mL of CPC solvent as before and then injected into CPC at the start of the method. The eluent was collected via a fraction collector at one tube per minute. Each fraction was then dried down, reconstituted in HPLC mobile phase, and analyzed for lutein and zeaxanthin content by HPLC. The trend of the resulting lutein and zeaxanthin content at each time point is shown in Fig. 2 . Lutein and zeaxanthin elute in a bell shape with offset peak maxima. Peak overlap is noticeable, but there is ~ 5 min window where lutein elutes with negligible zeaxanthin in the fraction. The close elution time is to be expected since the separation factor in the CPC solvent system is close to one. The elution profile in Fig. 2 indicates that the highest quantity of lutein and zeaxanthin collected in the fraction was achieved at 94 min (0.0067 mg) and 103 min (0.0029 mg), respectively. The total recovery of lutein and zeaxanthin from the DDGS oleoresin by CPC was 0.141 and 0.065 mg, respectively.
As stated, CPC purification was not intended to purify lutein and zeaxanthin from one another, but rather from the other extractives. Figure 3 displays a set of chromatograms: crude extract and peak maxima of the lutein and zeaxanthin fractions. The crude extract (Fig. 3a) shows a variety of peaks along with the desired compounds. A probable identity of one of the first initial peaks is that of an epoxide (Khachik et al. 1992) ; note that the epoxide and (Fig. 3b, c) . The formation of intracellular epoxides can be toxic to a cells functionality (Ehrenberg and Hussain 1981) and should be avoided in a lutein and zeaxanthin dietary supplement. CPC fractionation can provide the necessary single-step purification to remove lutein and zeaxanthin from the other compounds extracted during the Soxhlet process. A CPC separation can yield fractions free of undesired compounds.
Conclusions
This present study quantified the bulk of lutein and zeaxanthin remaining in DDGS through Soxhlet extraction at what was determined the most favorable conditions. There remains 36.09 ± 16.87 µg of lutein and 15.48 ± 6.13 µg of zeaxanthin per gram of DDGS. This is a demonstrated three to fivefold increase in concentration as compared to corn itself. Compositional analysis of the DDGS indicates that digestibility, with regard to acid detergent fiber, will not be impacted by the additional processing step. Furthermore, CPC was shown to be a suitable technique to isolate the lutein and zeaxanthin from the remaining extractives with purities at 80.64 and 57.40%, respectively. Further study into solvent system selection and CPC mode operation are required if it were desired to create pure lutein and pure zeaxanthin fractions. As it stands, isolation of these two compounds from one another is not necessary for the dietary supplement market as these lutein and zeaxanthin are present together both in nature and in the human body. Recovery of lutein and zeaxanthin from DDGS would enable a new market stream within the dry-grind process and could be done in a way that does not diminish or downgrade the quality of the DDGS.
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